Solar Park Plant Controller Design and
Implementation within a South African Context

Phillip Homann and Fareed Ismail

Abstract - With the advent of the Renewable Energy Feed-In
Tariff programme, South Africa continues to attract many
independent power producers from various parts of the world to
construct and operate renewable energy plants within South Africa.

During window one of the renewable energy projects, the
general misconception amongst independent power producers for
solar parks, was that there were no requirements from a national
grid code connection perspective. This however changed with the
release of version 2.6 of the South African national grid connection
code. Independent power producers found that they were not
allowed to commercially operate without having to satisfy all the
requirements stipulated in the national grid connection code.
Consequently advanced plant controllers had to be implemented
late in the project design phase. These plant controllers were
however not commercially available.

The approach taken at a solar park in South Africa was to
design and implement a plant controller. This plant controller
needed to integrate with existing equipment, utilizing the existing
communication network in order for the plant to comply with the
national grid code. This paper details what the requirements were
for the solar park plant controller, the problems experienced on site
and the solution implemented. In addition it discusses the design
and solution implemented for control of various parameters in the
plant controller by means of Eskom’s existing regional Supervisory
Control and Data Acquisition (SCADA) network in line with the
national grid connection code.

I. GRID CONNECTION CODE FOR RPP’s IN SOUTH
AFRICA

At present, the South African Grid Connection Code for
RPP’s version 2.6 outlines the requirements which must be
met in order for RPP’s to connect to the national grid and
commercially operate. The South African Grid Connection
Code is further supplemented by Eskom’s’ Standard for the
Interconnection of Embedded Generation which serves to
extend on the protection and SCADA requirements outlined in
the national grid code.

Renewable plants are classified according to their MVA rating
with category C having the largest MV A rating (exceeding 20
MVA) and consequently the most stringent requirements

apply [1].

Category C renewable power plants are required to supply
rated power output (MW) for power factors ranging between
0.95 lagging and 0.95 leading from 20 % of rated power at the
point of connection. In addition, these plants are required to

operate anywhere within the hatched areas of Figure 1 and
Figure 2 [1].
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Figure 2: Requirements for voltage control range for RPPs of
category C

Apart from the many requirements outlined in the
aforementioned documents, the grid code for category C
requires that control and regulation of the renewable plant
remain within the responsibility of the system operator. The
grid code aims to achieve this through a series of control
modes or controllable functions to be implemented at plant
level and which needs to be integrated into Eskom’s SCADA
network, thus allowing the system operator control over the
plant from the relevant Eskom’s control center [2].

Version 2.6 of the grid code stipulates the following control
modes [1]:

= Absolute production constraint,

= Delta production constraint,



= Power gradient constraint,
= Voltage Control,

= Reactive Power Control,
= Power Factor Control and
= Frequency Control

For solar parks of category C, delta production constraint
does not apply and as a result nor does under-frequency
control. The remaining control modes are discussed below.

A. Absolute Production Constraint

Absolute production constraint is a controlling function
which serves to limit the amount of active power generated by
the plant at the point of connection [2].

Due to network constraints, the system operator may elect
to limit the output of the park to a specified value [2].

B. Power Gradient Constraint

To prevent disturbances on the network, the power gradient
constraint enforces a gradient at which the plant must ramp its
active power to the desired setpoint. This control mode may
be activated or deactivated during the absolute production
constraint [2].

C. Voltage Control

The voltage control function is mutually exclusive with
reactive power control and power factor control and serves to
regulate the voltage at the point of connection. This mode
regulates reactive energy according to a droop function which
is limited by the upper and lower bounds of the plants reactive
power capabilities as well as the plants upper and lower
voltage limits [2].

The system operator specifies the target voltage and two
droop settings D1 and D2 which relates to the specific droop
which must be applied. The amount of reactive power
supplied is calculated according to Equation (1).
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D or droop is the voltage change that will require the plant
to supply its maximum reactive power. Droop is commonly
expressed in percentage but for Equation (1), it is expressed in
per unit.

D. Reactive Power Control

Reactive power control is mutually exclusive with voltage
control and power factor control and serves to regulate the
reactive power at the point of connection [2].

The system operator specifies the MVar setpoint which is
signed to indicate whether the plant is importing of exporting
MVar’s [2].
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E. Power Factor Control

Power factor control is mutually exclusive with reactive
power control and voltage control serving to regulate the plant
at a constant power factor at the point of connection.

The system operator specifies the power factor setpoint
within a range of 1 to 0.95 with sign.
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Equation (3) may be re written using (4) as
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Using (3), (4) and (5) we derive
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From Equation (2), it can be seen that by definition, the
sign of the power factor defines whether active power is
imported or exported. This sign however has a different
meaning in the Standard for the Interconnection of Embedded
Generation and serves to indicate a leading power factor for a
positive sign and a lagging power factor for a negative sign

[2].
F. Frequency Control

Frequency control as defined in the grid code considers
both under frequency and over frequency conditions [1].
Although not clearly stipulated, under frequency control does
not apply to solar parks. Over frequency control is however
mandatory according to the grid code and serves to regulate
active power in order to stabilize the system frequency within
acceptable limits [1]. The distinguishing factor is that this
mode is not controllable via the SCADA interface. Hence
over-frequency response in the case of solar parks is an innate
feature of the plant controller which cannot be disabled.
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In additional to the functional requirements, the grid code
has additional mandatory performance requirements. All
setpoints issued by the system operator to the plant, must be
implemented by the plant within 30 seconds from activation
and the plant must regulate to the desired setpoint value, not
exceeding the tolerance requirements as outlined in the grid
code [2].

In general, with exception of over-frequency control, these
control modes have a SCADA interface through which the
system operator can regulate the plant from the relevant
Eskom control center. In addition, through this SCADA



interface, pertinent information is provided to the system
operator providing him with visibility of the plant.

With the above mentioned requirements, there is a need for
renewable plants to have dedicated plant controllers that are
grid code compliant.

During the first window of renewable energy projects,
many of the solar IPP’s realized the need for these power plant
controllers late in the design phase, and consequently these
controllers had to be designed and adapted to the existing
plant designs. Such was the case for one of the solar parks of
category C. For the solar park, the only control functions that
existed were located at inverter level. This was however not
enough to satisfy the demands of the present grid code version
2.6.

The simplified single line layout for the solar park is
depicted in Figure 3. The park is licensed to export a
maximum of 75 MW. The park comprises of 110 inverters;
each inverter rated at 707 kVA. The inverters are connected to
the 22 kV network via a 1.5 MVA 22000/340 V transformer
which two inverters share.

Figure 3: Single line layout.

Il. HARDWARE INTEGRATION

From inception, it was evident that a working solution
would need to comprise of a close loop centralized plant
controller that would need to communicate to inverters at
plant level, instructing them to manipulate their output
characteristics to achieve the desired regulatory requirements.
In addition, the solution would require an input from the point
of connection to feed into the close loop plant controller to
achieve the desired accuracy levels as outlined in the grid
code. Lastly, the solution would also require a SCADA
interface through which the system operator could send
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controls and setpoints to the plant controller and extract the
necessary information from the plant

The existing plant design catered for an Ethernet network.
This was however designed primarily with SCADA in mind as
there was a need to monitor over more than 300000 signals
from more than 1000 devices scattered throughout the plant.
The plant controller had to be integrated into this large
communication network as it was the only means to access the
110 inverters at plant level. Figure 4 and 5 depicts the
communication architecture for the park. Figure 4 shows the
overall communication network and Figure 5 shows a much
more detailed view of the communications network within
each electrical cabin.

Communication to the inverters was achieved using
Modbus TCP as this was the only communication protocol
supported by the inverters. Although Modbus is a very simple
protocol, the Modbus protocol specification is fairly relaxed
and consequently the implementation of Modbus between
vendors is usually very different. To extract data using
Modbus can therefore be very challenging if the protocol
implementation documentation is not readily available.

The point of connection was represented by two 80MVA
transformers connecting on their high voltage side onto the
national grid. Each transformer had its own existing meter for
measurements and billing. These meters could have been used
to calculate the total quantities at the point of connection, but
this would have implied accurate synchronization between the
two meters to allow for vectorial summation of the various
electrical quantities. To simplify the design and guarantee
accuracy, it was decided to use summation CT’s and measure
the total electrical quantities using a third meter as opposed to
calculating it. The SEL735 meter with its’ Modbus TCP
capabilities was chosen for this purpose. Measurements from
the meter were fed into the plant controller using Modbus
TCP for the plant controller to regulate the plant and achieve
the required accuracies.

The plant controller software used, natively supported
Modbus TCP. There was however a need to extend its
capabilities to include DNP3 as this was the protocol of choice
for communicating to the relevant Eskom control center. Due
to project time constraints, it was decided that the inclusion of
a third party DNP3 driver to a proven software product would
result in many technical challenges which were time-wise not
catered for. The simpler option was to add an additional
communications gateway to translate between Modbus TCP to
DNP3. The SEL-3530 Real-time Automation Controller
served this purpose, bridging the communication barrier
between the system operator and the plant controller.
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Figure 4: High level communication architecture
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Figure 5: Communication Architecture at cabin level.

I1l. SYSTEM STUDIES

During the development stage of the plant controller, a
software model was created in Digsilent and integrated with
the supplied inverter Digsilent model.

A. Modifications to the Inverter Model

The Digsilent model supplied by the inverter manufacturer
did not provide the functionality to change the setpoints of
active or reactive power and consequently there was a need to
extend the capabilities of the supplied model to accept
setpoints from an external controller. In addition, based on the
setpoints supported by the inverter, the model had to translate
from active and reactive power setpoints to active and reactive
current setpoints respectively. Figure 6 depicts the modified
Digsilent model.

The simulation model was built on the premise that the
same setpoint would be transmitted to all the available
inverters. Since communication delays were unknown, a delay
block was introduced to simulate network latencies.

il o

Figure 6: Modified Digsilent inverter model.

The simulated model of the plant controller was based on a
proportional and integrator based feedback controller (PI), a
simplified model of which is shown in Figure 7.

Figure 7: Simplified P1 controller model.

The upper part of Figure 7 depicts the active power
controller loop which has at its output the per unit active
current setting of the inverter. The lower part of Figure 7
depicts the reactive power controller loop which has at its
output the per unit reactive current setpoint of the inverter.



The three-pole switch aims to achieve the mutual
exclusivity of the reactive power, voltage and power factor
control modes.

B. Simulated Results
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Figure 8: Simulated results for Power and Reactive Power
(pu)

TABLE |
PARAMETER CHANGES DURING SIMULATION
Time(s) Pset Qset
Initialization 70MW (1 pu) 24MVAr (0.32pu)
10 1MW (1 pu) No change
18 No change -24MV Ar
20 70MW No change
24 No change 0
27 37.5MW(0.5pu) No change

When the results are analyzed, the plant controller operates
correctly for reactive power control. It however fails to reach
the 70 MW setpoint value. This behavior is a result of the
inverter being modelled as having a circular operating
characteristic and the combined upper setpoints for both active
and reactive power exhausts the capabilities of the inverters.
The inverter model always gives priority to reactive power
setpoints and these are achieved by compromising on the
active power output of the inverter.

IV. IMPLEMENTATION

During implementation, the algorithm developed in
Digsilent was hard-coded into Java.

A. Initial Tests

Initial tests of the algorithm proved unsuccessful as the
tests that had been performed were on a single inverter with
the point of measurement being at the point of connection. It
was concluded that the test procedure was flawed as there was
not enough power to measure accurately to validate the
algorithm for active power control. For reactive power control,
the control system initially did not meet the desired setpoint
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values. On closer inspection, it was discovered that the
inverter documentation was incorrect and that the setpoint
range specified in the documentation was a tenth less than the
actual inverter capabilities.

During testing, it was also discovered that when set at
maximum VAr’s at low generation, the inverters would trip
for overvoltage. These inverters were injecting leading
reactive current which consequently cancelled out the volt
drop due to the inherent inductance of the smoothing reactor
and the 22 kV/340 V transformer, thus increasing the voltage
at its terminals. This was resolved by imposing a limit that
reactive power may only be 1.65 times greater than active
power. This factor of 1.65 corresponds to the inverse of the
gradient 0.33/0.2 of the funnel at the bottom of Figure 1.

B. Grid Code Testing at 25 MW Capacity

Grid code tests were performed with 36 inverters on line. The
biggest challenge faced during this time was to ramp down to
a lower setpoint value at the specified gradient. If the park was
set to operate at 75 MW but there was only enough sun for 25
MW, this would have the consequence of the active current set
point moving to the maximum set point value. To overcome
this, the plant controller needed to know the amount of
inverters available. This was calculated by using the
communication status of each inverter. The assumption was
then made that each inverter was producing equally.

Since the amount of inverters was known, it was therefore
possible to calculate what the actual current set point had to be
for each inverter to arrive at the required active power at the
point of connection. This value was then used to calculate the
maximum allowed active current setpoint. The communication
status of each inverter was used to calculate the amount of
inverters available with the assumption that the inverters were
producing equally.

C. Grid Code Testing at 50 MW Capacity

By the second round of tests, the criteria for calculating the
amount of inverters available was refined to include not only
the communication status of the inverter, but additional
information was requested from the inverter to ascertain at
which state of generation it was. During this time it was noted
that adjustments had to be made to the system proportional
and integrator gains to prevent system oscillation.

D. Grid Code Testing at 75 MW Capacity

During the normal operation of the plant, various system
anomalies had occurred which prompted the need to
reevaluate the earlier assumption that all inverters were
producing power equally. On cloudy days this was not true,
and although this approach met the demands of the grid code,
it compromised the actual generation capacity of the plant.
This meant that the plant was generating far less than its actual
capabilities which in turn translated into revenue loss.

To solve the production challenges encountered, the
maximum active current setpoint previously introduced was
removed. This resulted in system instability. To improve



system stability, various gains of the plant controller were
adjusted downwards. This however resulted in an increase in
the reaction times of the plant controller. To improve the
reaction times, the integrator variable was calculated to arrive
at the estimated current setpoint whenever the setpoint was
changed. Subsequent iterations of the control loop would then
result in refining the integrator variable to arrive at the target
setpoint with the prescribed accuracy.

On completion of this modification, the prescribed reaction
times were still not met and various solutions were introduced
to improve it. These included the use of limiters and
transforming the plant controller from a PI controller to a
proportional-integral-derivative  (PID) controller. These
modifications only provided marginal improvements.

On closer inspection, it was discovered that the source of these
problems were attributed to the Modbus communication
between the plant controller and the substation meter. Many of
the Modbus requests from the plant controller to the substation
meter were failing due to a bug in the Modbus Java library.
This affected the overall system behavior which positively
changed when corrected.

V. FUTURE WORK

The algorithm at the moment does not include and facility
for capacitor bank control this would be needed in the future

VI. CONCLUSION

Modbus is suitable to use for controlling a solar park. It is
crucial to ensure that communication to the point of
connection meter is flawless. The plant controller solution
developed had formed part of an Ethernet network which
hosted other services apart from the plant controller function.
It would be preferable to segregate devices and services as
much as possible to reduce network traffic, thus enhancing the
performance of the plant controller solution.
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